Introduction
============

Cervical cancer is the fourth most prevalent type of cancer in females globally and a significant cause of mortality in developing countries ([@b1-ol-0-0-11933]). Cervical cancer may develop due to persistent high-risk human papillomavirus (HPV) infection ([@b2-ol-0-0-11933]). Progress has been made in understanding the HPV genome replication during the viral life cycle; however, accurate surveillance strategies and targeted therapies are still required to eradicate this disease ([@b3-ol-0-0-11933]).

Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) is a powerful cancer cell apoptosis-inducing factor that can induce apoptosis in a p53-independent manner ([@b4-ol-0-0-11933]). However, TRAIL resistance in cancer cells is a significant barrier to improve TRAIL-based clinical therapies ([@b5-ol-0-0-11933]). Therefore, agents are required to either improve the impact of TRAIL or overcome resistance to it ([@b6-ol-0-0-11933],[@b7-ol-0-0-11933]). Several studies have demonstrated that the cervical cancer HeLa cell line is resistant to TRAIL-induced apoptosis, and the mechanism of resistance is not fully understood ([@b8-ol-0-0-11933],[@b9-ol-0-0-11933]). Various mechanisms have been proposed for TRAIL resistance ([@b10-ol-0-0-11933],[@b11-ol-0-0-11933]). Upregulation of CASP8- and FADD-like apoptosis regulator (cFLIP) and downregulation of death receptors (DR4 and DR5) and the Bcl-2 family (Bcl-2, Bcl-xL and MCL1 apoptosis regulator, BCL2 family member) are the most commonly proposed TRAIL resistance mechanisms ([@b12-ol-0-0-11933]).

Survivin is an anti-apoptotic molecule that is generally overexpressed in malignant cells ([@b13-ol-0-0-11933]). Survivin is a member of the inhibitor of apoptosis gene family, which regulates apoptosis and the cell cycle ([@b13-ol-0-0-11933],[@b14-ol-0-0-11933]). Survivin has been reported to interact with and inhibit caspases to decrease apoptosis ([@b15-ol-0-0-11933]). Survivin is expressed in various types of cancer, including breast cancer ([@b16-ol-0-0-11933]), cervical cancer ([@b17-ol-0-0-11933]), non-small cell lung cancer ([@b18-ol-0-0-11933]) and osteosarcoma ([@b19-ol-0-0-11933]). Its upregulation is associated with survival and resistance to TRAIL-based therapy ([@b20-ol-0-0-11933],[@b21-ol-0-0-11933]).

Small molecule inhibitor YM155, a survivin suppressor, inhibits cell proliferation and mediates apoptosis in breast ([@b22-ol-0-0-11933]), gastric ([@b23-ol-0-0-11933]), liver ([@b24-ol-0-0-11933]), and pancreatic ([@b25-ol-0-0-11933]) cancer models. Other than suppressing the levels of survivin in various types of cancer, YM155 has also been reported to have strong apoptogenic properties ([@b26-ol-0-0-11933],[@b27-ol-0-0-11933]). Additionally, it has been reported that YM155 has an anticancer effect on breast ([@b22-ol-0-0-11933]), esophageal ([@b28-ol-0-0-11933]), colon ([@b29-ol-0-0-11933]) and bone marrow ([@b30-ol-0-0-11933]) cancer and sensitizes different types of cancer cells to TRAIL-mediated apoptosis ([@b31-ol-0-0-11933]). However, a growing body of evidence has reported that survivin has a strong inhibitory effect on TRAIL therapy ([@b32-ol-0-0-11933]).

The present study investigated the impact of a low dosage of YM155 on TRAIL-mediated apoptosis and molecular mechanisms underlying TRAIL sensitization in human cervical cancer cells.

Materials and methods
=====================

### Cell culture

HeLa cells were procured from the Korean Cell Line Bank; Korean Cell Line Research Foundation. Cells were maintained in DMEM (PAN-Biotech GmbH) with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.). A total of 100 µg/ml penicillin-streptomycin (HyClone; Cytiva) was added to make complete media. Cells were maintained in a CO~2~ cell culture incubator (Thermo Fisher Scientific, Inc.) at 37°C with 5% CO~2~.

### Reagents and antibodies

YM155 and TRAIL were purchased from Selleck Chemicals and PeproTech, Inc., respectively. Western blot and immunofluorescence analyses were performed using antibodies against cleaved-poly (ADP-ribose) polymerase (PARP; dilution, 1:1,000; cat. no. 5625S) from Cell Signaling Technology, Inc., cFLIP (dilution, 1:1,000; cat. no. 10394-1-AP) and DR5 (dilution, 1:1,000; cat. no. 15497-1-AP) from ProteinTech Group, Inc., γH2A histone family member X (γH2AX; dilution, 1:1,000 for western blot and 1:100 for immunofluorescence; cat. no. 05-636) from EMD Millipore, cleaved caspase-3 (dilution, 1:100 for immunofluorescence; cat. no. 9661S) from Cell Signaling Technology, Inc., GAPDH (dilution, 1:2,000; cat. no. sc-32233) and β-tubulin (1:1,000; cat. no. sc-5274) from Santa Cruz Biotechnology, Inc., and HRP-conjugated secondary anti-mouse (1:10,000; cat. no. 31430) and anti-rabbit (1:10,000; cat. no. 31460) antibodies from Thermo Fisher Scientific, Inc., and fluorescence-conjugated secondary antibodies goat anti-mouse IgG (H+L) Alexa Fluor 488 (1:250; cat. no. A32723) and goat anti-rabbit IgG (H+L) Alexa Fluor 488 (1:250; cat. no. A27034) from Invitrogen, Thermo Fisher Scientific, Inc.

### Western blotting

HeLa cells were treated with 25 ng/ml TRAIL, 25 nM YM155 or a combination of both for 24 h and subjected to western blot analysis. Cells were collected after 24-h incubation at 37°C and 5% CO~2~ and lysed with a protein extraction buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na~2~EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na~3~VO~4~, 1 µg/ml leupeptin) with a PMSF protease inhibitor (Cell Signaling Technology, Inc.). The protein concentration was determined by Bradford assay (Bio-Rad Laboratories, Inc.). Then, 50 µg protein was loaded on 8 or 12% SDS-PAGE and transferred to PVDF membrane (EMD Millipore) activated by methanol. Following transfer, non-specific binding was blocked with 5% skim milk and incubated at room temperature for 1 h. The membranes were probed with primary antibodies and incubated at 4°C for overnight. Subsequently, the membranes were incubated with a HRP-conjugated secondary antibody for 1 h at room temperature and washed thrice for 5 min with TBS-Tween 20 (0.05%) to remove unbound probes. The membranes were subjected to chemiluminescence-based detection (Pierce ECL Plus; Thermo Fisher Scientific Inc.). Imaging was performed using a ChemiDoc system with Image Lab software version 5.2 (Bio-Rad Laboratories, Inc.).

### Flow cytometry

Apoptosis was assessed using propidium iodide (PI) staining kit (BD Biosciences) according to the manufacturer\'s protocol. Briefly, HeLa cells were seeded at a density of 2.5×10^5^ per well and treated with 25 ng/ml TRAIL and 25 nM YM155 for 24 h. Subsequently, 5×10^4^ cells were collected and washed with ice-cold PBS twice in the presence of 10% FBS, and 70% ethanol was added into the cell suspensions. A total of 2 mg/ml RNaseA was added and incubated for 15 min at 4°C. Finally, cells were stained with 10 µl PI (50 mg/ml) at room temperature for 10 min. DNA content was measured within 1 h using flow cytometry (FACS CANTO II; BD Biosciences). Data were analyzed using FACSDiva software (version 8; BD Biosciences).

### Immunofluorescence

Immunofluorescence was used to assess nuclear morphology and DNA damage by γH2AX foci formation and cleaved caspase-3 activation assays. A total of 2×10^4^ HeLa cells were seeded into a 4-well dish containing cover slips and incubated overnight. Subsequently, HeLa cells were treated with 25 ng/ml TRAIL and/or 25 nM YM155 and incubated for 24 h. The reaction was immediately stopped and cells were fixed with 4% paraformaldehyde at room temperature (Wako Chemicals USA, Inc.) for 20 min. Fixed cells were washed using 0.03% Triton-X 100 (Sigma-Aldrich; Merck KGaA) three times. To eliminate non-specific binding, 5% BSA (Bovogen Biologicals Pty Ltd.) in 1X PBS was used as a blocking reagent. After 1 h of blocking at room temperature, primary antibody was added, followed by incubation at 4°C overnight. The next day, cells were washed using PBS and incubated with relevant Alexa Fluor 48-8 and 594-conjugated secondary antibodies at room temperature for 1 h. DAPI (1 µg/ml; Invitrogen; Thermo Fisher Scientific, Inc.) was added to the cells and incubated at room temperature for 15 min to stain the nuclei, and cells were mounted on glass slides. Cells were imaged at ×40 magnification using a confocal microscope (Leica TCS SP5; Leica Microsystems GmbH).

### Reverse transcription-quantitative (RT-q)PCR

HeLa cells were treated with 25 ng/ml TRAIL and/or 25 nM YM155 for 24 h and harvested for RNA extraction. TRIzol^®^ reagent (Favorgen Biotech Corporation) was used to extract the RNA. A total of 40 ml RNase-free water was added to the extracted vial to reconstitute the RNA. Total RNA concentration was quantified using a Nanodrop (Thermo Fisher Scientific, Inc.). The SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific, Inc.) was used to synthesize the cDNA according to the manufacturer\'s protocol. Briefly, 1 µg of total RNA was reverse transcribed using the SuperScript III kit with 25 pmol oligo-dT primer and 50 pmol random hexamer. Then, the cDNA was diluted at 1:10 with dilution buffer provided by the manufacturer. QPCR was performed using a real-time PCR system (Thermo Fisher Scientific, Inc.) and Fast SYBR^®^ Green Master Mix (Thermo Fisher Scientific, Inc.) with the following primers: DR5 forward, 5′-CCCAACAAGACCTAGCTCCC-3′ and reverse, 5′-GACCTCCTTTTCTGCTTGCG-3′; cFLIP forward, 5′-GCCGAGGCAAGATAAGCAAG-3′ and reverse, 5′-AGTCTGTTCAAGGAGCAGGG-3′; survivin forward, 5′-AGAACTGGCCCTTCTTGGAGG-3′ and reverse, 5′-CTTTTTATGTTCCTCTATGGGGTC-3′; and GAPDH forward, 5′-CTGACTTCAACAGCGACACC-3′ and reverse, 5′-TAGCCAAATTCGTTGTCATACC-3′. The relative quantification of gene expression was determined using the 2^−ΔΔCq^ method ([@b33-ol-0-0-11933]). The thermocycling conditions were as follows: Pre-incubation at 95°C for 3 min, followed by 45 cycles of 95°C for 15 sec and 60°C for 60 sec. The final amplification cycle was followed by a melt curve analysis for the specificity of the RT-qPCR.

### Cell viability assay

The cytotoxicity of TRAIL and YM155 was assessed using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.). Following drug treatment, 10 µl CCK-8 reagent was added, and the mixture was incubated at 37°C for 2 h according to the manufacturer\'s instructions. Subsequently, absorbance was measured at 540 nm using a microtiter plate reader (Bio-Rad Laboratories, Inc.).

### Matrigel invasion assay

HeLa cells were seeded, and cell invasion was evaluated using 0.8-µm Transwell chambers coated with Matrigel at 37°C for 1 h (Corning Inc.) according to the manufacturer\'s protocol. In brief, HeLa cells were suspended at a density of 2.5×10^4^ cells in 500 µl serum-free DMEM and placed in the upper chamber. Subsequently, 700 µl complete DMEM was added to the lower chamber, followed by incubation at 37°C for 24 h. Cells on the surface of the insert were removed, and the lower surface was fixed with ice-cold methanol at room temperature for 15 min. After fixing, cells were stained with crystal violet (0.1%, diluted in methanol) for 5 min at room temperature. Cells were counted using bright field microscopy and compared among the DMSO, YM155, TRAIL and combination groups. The numbers of invaded cells were represented graphically.

### In vitro scratch assay

An *in vitro* scratch assay was performed to assess the migratory activity of HeLa cells treated with 25 ng/ml TRAIL and/or 25 nM YM155. After 24-h treatment, the cells were harvested and re-seeded at 90% confluency and incubated at 37°C overnight. Using a sterile pipette tip, scratches were made in the monolayers of HeLa cells. The scratched monolayer was washed with PBS and incubated at 37°C with serum-free 1X DMEM. The wounded region was captured under a light microscope (IX71; Olympus Corporation) at 0, 24, 48 and 72 h, and ImageJ 1.51j8 software (National Institutes of Health) was used to calculate the percentage of wound closure as previously described ([@b34-ol-0-0-11933]). Data were obtained from three independent experiments.

### Soft agar assay

DMEM (1X) complete medium and 1% agarose were mixed at an equal ratio of 1:1 (v/v) and plated onto 35-mm dishes. The next day, cells were seeded at a density of 1×10^4^ per well and suspended in 0.7% agarose/1X DMEM mixture. Subsequently, 1% DMSO, 5 nM YM155, 5 ng/ml TRAIL and YM155/TRAIL combination were added to DMEM. Medium containing the aforementioned drug concentrations was added every other day for 14 days. Crystal violet (0.01% diluted in 20% methanol) was added at room temperature for 5 min to stain anchorage-independent colonies. Finally, cells were observed under a light microscope at ×4 magnification.

### Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, Inc.) and data are presented as the mean ± standard deviation of three independent experiments. Data were analyzed by one-way ANOVA. Multiple comparisons among the groups were performed by Tukey\'s post hoc test. For *in vitro* scratch assay, two-way ANOVA followed by Tukey\'s post hoc test was performed. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### YM155 sensitizes HeLa cells to TRAIL-mediated apoptosis

First, HeLa cells were treated with 1% DMSO, 25 ng/ml TRAIL or 25 nM YM155 for 24 h. PI staining was used to analyze apoptotic cells by flow cytometry ([Fig. 1A and B](#f1-ol-0-0-11933){ref-type="fig"}). TRAIL or YM155 alone did not induce cell death in HeLa cells ([Fig. 1A and B](#f1-ol-0-0-11933){ref-type="fig"}), whereas the combination of TRAIL and YM155 significantly increased the sub-G~1~ population compared with the DMSO control group in HeLa cells ([Fig. 1C](#f1-ol-0-0-11933){ref-type="fig"}). To further validate the combinatorial effect of TRAIL-YM155, western blotting was performed to assess cleaved-PARP levels. Consistent with the sub-G1 population experimental results, combination treatment induced greater cleaved-PARP expression than individual treatment ([Fig. 1D](#f1-ol-0-0-11933){ref-type="fig"}). Overall, YM155 enriched TRAIL-mediated apoptosis via an extrinsic signaling pathway in human cervical cancer cells.

### Combination of TRAIL and YM155 induces DNA damage toxicity in HeLa cells

In order to investigate whether combination treatment of TRAIL and YM155 lead to DNA damage, cells were treated with 25 ng/ml TRAIL or 25 nM YM155 alone and in combination. Bright-field microscopy images revealed that cells in the combination treatment group exhibited apoptotic morphology, whereas cells in the single agent treatment groups did not ([Fig. 2A](#f2-ol-0-0-11933){ref-type="fig"}). Subsequently, the shape of the nucleus of HeLa cells was assessed by staining with DAPI. As presented in [Fig. 2B](#f2-ol-0-0-11933){ref-type="fig"}, chromatin condensation was observed following combination treatment but not when cells were treated with TRAIL or YM155 alone. To further confirm that combination treatment induces DNA damage in HeLa cells, γH2AX foci formation was assessed using immunofluorescence. As presented in [Fig. 2C](#f2-ol-0-0-11933){ref-type="fig"}, robust H2AX phosphorylation was observed in HeLa cells treated with the combination of TRAIL and YM155 compared with in the single agent treatment and DMSO control groups. Consistent with the aforementioned results, combination treatment of TRAIL and YM155 resulted in higher protein expression levels of γH2AX than individual treatment ([Fig. 2D](#f2-ol-0-0-11933){ref-type="fig"}). Overall, the combination of TRAIL and YM155 induced DNA damage in HeLa cells but individual treatment did not.

### YM155 increases TRAIL-induced apoptosis via downregulation of cFLIP and survivin levels

In order to determine the mechanisms underlying YM155-mediated TRAIL sensitivity in HeLa cells, apoptosis-associated proteins, including DR5 (pro-apoptotic), cFLIP (anti-apoptotic) and survivin (anti-apoptotic) were examined in the present study. HeLa cells were treated with 1% DMSO, 25 ng/ml TRAIL or 25 nM YM155 alone and in combination for 24 h and then subjected to RT-qPCR analysis. As presented in [Fig. 3](#f3-ol-0-0-11933){ref-type="fig"}, HeLa cells treated with both TRAIL and YM155 exhibited downregulation of cFLIP and survivin at the mRNA and protein levels ([Fig. 3A, C and D](#f3-ol-0-0-11933){ref-type="fig"}). DR5, a pro-apoptotic protein involved in TRAIL sensitivity ([@b35-ol-0-0-11933]), exhibited no changes following combination treatment ([Fig. 3B and D](#f3-ol-0-0-11933){ref-type="fig"}). Notably, treatment with TRAIL alone induced a significant increase in the mRNA levels of DR5 ([Fig. 3B](#f3-ol-0-0-11933){ref-type="fig"}). Similarly, the protein level of DR5 was also upregulated by TRAIL treatment ([Fig. 3D](#f3-ol-0-0-11933){ref-type="fig"}). This suggests that DR5 upregulation was specific to TRAIL treatment alone and not in combination. The aforementioned data indicate that downregulation of cFLIP and survivin serves a major role in combination treatment of YM155 and TRAIL-mediated apoptosis.

### Combination treatment decreases cancer progression in vitro

The effect of TRAIL and YM155 combination treatment in HeLa cells was next assessed using a cell viability assay. As presented in [Fig. 4A](#f4-ol-0-0-11933){ref-type="fig"}, combination treatment of TRAIL and YM155 significantly decreased the viability of HeLa cells (2.08-fold) compared with the DMSO control. To test the hypothesis that the combination of TRAIL and YM155 decreases cancer progression, the effect of the combination treatment on HeLa cell migration and invasion was assessed using an *in vitro* scratch assay and Matrigel-coated chamber invasion assay, respectively. HeLa cells treated with both TRAIL and YM155 exhibited a significant decrease in invasive capability compared with the DMSO control and single agent treatment groups ([Fig. 4B](#f4-ol-0-0-11933){ref-type="fig"}). Consistently, combination treatment also resulted in a delayed wound closure rate compared with the DMSO control and single agent treatment groups ([Fig. 4C](#f4-ol-0-0-11933){ref-type="fig"}). It has been reported that caspase-3 is a cysteine-aspartic acid protease that will be cleaved by TRAIL and executes apoptosis in cancer cells ([@b36-ol-0-0-11933],[@b37-ol-0-0-11933]). Therefore, the present study monitored the levels of cleaved caspase-3 in HeLa cells. To achieve this, HeLa cells were treated with the 25 ng/ml TRAIL or 25 nM YM155 alone or in combination for 24 h. Subsequently, cleaved caspase-3 levels in samples were evaluated by immunofluorescence. It was observed that the combination treatment of TRAIL and YM155 significantly increased the cleaved caspase-3 levels compared with DMSO and TRAIL or YM155 alone treated samples ([Fig. 4D](#f4-ol-0-0-11933){ref-type="fig"}). Subsequently, cell proliferation was assessed using an anchorage-independent colony formation assay. HeLa cells were selected with the combination of 5 ng/ml of TRAIL and 5 nM of YM155 or individual treatment, and colony formation was analyzed. The number of colonies that appeared in cells treated with both TRAIL and YM155 was significantly lower compared with the DMSO control and single agent treatment groups ([Fig. 4E](#f4-ol-0-0-11933){ref-type="fig"}). Overall, the results of the present study suggest that combination treatment of TRAIL and YM155 decreased the viability, invasion and migration of HeLa cells. The synergistic behavior of TRAIL/YM155 combination further induced DNA damage and apoptosis and may be an effective strategy to treat human cervical cancer.

Discussion
==========

Despite the use of aggressive and toxic treatments, patients with advanced stage cervical cancer have an unacceptably high mortality rate; an estimated 13,800 new cervical cancer will be diagnosed and 4,290 deaths will occur in the United States in 2020 ([@b38-ol-0-0-11933]). Epidemiological, clinical and cellular studies have reported that persistent HPV infections are involved in the development of cervical cancer ([@b38-ol-0-0-11933]), although cervical cancer can also develop without HPV infection. The poor survival percentage demands research into more effective novel treatment approaches. In the present study, the sensitivity of TRAIL improved with the addition of YM155 in the treatment of human cervical cancer cells. The therapeutic potential of TRAIL and YM155 combination treatment was analyzed in HeLa cells. Previous research has demonstrated that HeLa cells are less sensitive to TRAIL-induced apoptosis ([@b39-ol-0-0-11933],[@b40-ol-0-0-11933]). To sensitize the HeLa cells to TRAIL-mediated apoptosis, YM155 was used as a combinatorial drug partner. YM155 has been reported as a survivin inhibitor developed for cancer treatment, and its effects have been demonstrated in multiple preclinical studies and phase I/II clinical trials ([@b41-ol-0-0-11933]--[@b44-ol-0-0-11933]).

Several reports have suggested that YM155 sensitizes cells to TRAIL-induced apoptosis in human renal carcinoma Caki cells ([@b31-ol-0-0-11933]), triple negative breast cancer ([@b45-ol-0-0-11933]) and a number of other types of cancer. However, to the best of our knowledge, there are currently no data on the combination of TRAIL and YM155 in human cervical cancer. Therefore, the effect of YM155 on the induction of TRAIL-mediated apoptosis in HeLa cells was assessed in the present study. It was revealed that HeLa cells were sensitized by the addition of a low concentration of YM155, but not in individually treated groups. Previous studies have suggested that YM155 induces DNA damage in several types of cancer ([@b46-ol-0-0-11933],[@b47-ol-0-0-11933]). Therefore, phosphorylation of H2AX, which causes double strand breaks, was assessed by immunofluorescence and western blotting assays. YM155-treated cells expressed γH2AX. Notably, treatment with TRAIL alone did not induce DNA damage, whereas the combination treatment of TRAIL and YM155 was associated with marked expression of γH2AX in HeLa cells and eventually led to apoptosis. A previous report has suggested that the combination of YM155 and TRAIL in SiHa cells induced a 48% higher apoptotic rate compared with that of the DMSO group ([@b48-ol-0-0-11933]), whereas the present combinatorial approach demonstrated an \~71% increase in apoptosis relative to that of the DMSO group by activating cleaved caspase-3 in HeLa cells. The main difference is that the cells were first treated with YM155 alone for 24 h and then TRAIL treatment was applied for another 15 h in the previous study whereas the present study induced apoptosis via synergistic action of YM155 and TRAIL together in cervical cancer cells. This explains the importance of the synergistic behavior of YM155/TRAIL in a cellular environment to hinder the progress of cervical cancer growth. It is important to note that the use of antibiotics in drug response studies can alter gene expression ([@b49-ol-0-0-11933]). Both genetic and phenotypical characterizations of YM155 and TRAIL have been studied extensively ([@b50-ol-0-0-11933]--[@b53-ol-0-0-11933]). Throughout the experiments in the present study, both the control and experimental groups received equal amounts of antibiotics, and thus, their effects on the results were negligible.

Previous data revealed that DR5 is the major determinant of TRAIL-induced apoptosis ([@b54-ol-0-0-11933],[@b55-ol-0-0-11933]), and cFLIP and survivin confer resistance to TRAIL therapy for different cancer types ([@b56-ol-0-0-11933],[@b57-ol-0-0-11933]). Several reports have demonstrated that DR5 serves a greater role in apoptosis compared with that of DR4 ([@b58-ol-0-0-11933],[@b59-ol-0-0-11933]). DR5 activates the extrinsic apoptotic signaling pathway by binding of the death ligand (TRAIL) ([@b60-ol-0-0-11933],[@b61-ol-0-0-11933]). However, the action of TRAIL-mediated apoptosis is mainly associated with Fas-associated via death domain (FADD) recruitment to the DR5/TRAIL complex. cFLIP inhibits the action of FADD and prevents it from binding to the DR5/TRAIL complex ([@b62-ol-0-0-11933],[@b63-ol-0-0-11933]). High cFLIP expression in human cervical cancer confers resistance to TRAIL therapy ([@b64-ol-0-0-11933]). Additionally, it has been noted that DR4 serves an antagonistic role to DR5 in TRAIL-mediated apoptosis ([@b59-ol-0-0-11933]). Furthermore, DR4 is responsible for the sensitization of cancer cells during the combination treatment involving irradiation ([@b39-ol-0-0-11933]). Therefore, regulating cFLIP is more crucial than the other genes involved in DR5/TRAIL-mediated apoptotic signaling pathway. However, elucidating the role of DR4 in TRAIL-mediated apoptosis is essential for future investigations. In our previous study, cFLIP was successfully downregulated in HeLa cells using the CRISPR-Cas9 system and its effectiveness in TRAIL-mediated apoptosis was examined ([@b8-ol-0-0-11933]). On the other hand, consistent with our previous study ([@b8-ol-0-0-11933]), the mRNA and protein expression levels of cFLIP were decreased when HeLa cells were treated with TRAIL and YM155 together. However, this combinatorial approach did not alter endogenous DR5 expression.

Both the mRNA and protein expression levels of survivin were not significantly decreased when the low dose of YM155 (25 nM) alone was applied. Similarly, a low concentration of YM155 (20 nM) did not exhibit any inhibitory effect on survivin expression in human renal cell carcinoma cell lines treated for 48 h; however, high concentrations of YM155 (\>40 nM) decrease survivin protein levels in renal cell carcinoma cells ([@b27-ol-0-0-11933]). It was hypothesized that a low concentration of YM155 does not block the transcription of baculoviral IAP repeat containing 5 (*BIRC5*), a gene that encodes the survivin protein, and thus it has no inhibitory effect on survivin in these cell lines ([@b27-ol-0-0-11933]). However, further research is required at the transcriptional level to elucidate the interaction of the low dosage of YM155 and the *BIRC5* gene. In the present study, the low dosage of YM155 sensitized HeLa cells to TRAIL-mediated apoptosis and decreased the mRNA and protein levels of survivin. Therefore, the combination therapy holds promise as a method to overcome the problem of side effects due to high doses and could be safe for use in patients. However, further investigations are required to validate the combination treatment in different human cervical cancer cell lines and its potential outcome in mouse xenograft models.

As available treatments have limited efficacy in human cervical cancer ([@b64-ol-0-0-11933]), the identification of novel therapeutic approaches to enhance patient outcomes is urgently required. The present study suggests combination treatment using YM155 and TRAIL as a therapeutic approach. Specifically, YM155 enhanced TRAIL-mediated apoptosis in HeLa cells. The results demonstrated that YM155 sensitizes human cervical cancer cells to TRAIL-induced cell death by activating the intrinsic pathway of apoptosis, and YM155/TRAIL combination downregulated anti-apoptotic proteins, such as cFLIP and survivin, in HeLa cells.
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![YM155 sensitizes HeLa cells to TRAIL-induced apoptosis. (A) HeLa cells were treated with indicated concentrations of TRAIL for 24 h and DNA content was measured by flow cytometry using PI staining. (B) HeLa cells were treated with indicated concentrations of YM155 for 24 h and PI staining was used for flow cytometry. (C) HeLa cells were treated with 25 ng/ml TRAIL and 25 nM YM155 for 24 h and subjected to PI staining and flow cytometry to assess the apoptotic population. Data are presented as the mean and standard deviation of three independent experiments. One-way ANOVA followed by Tukey\'s post hoc test was used and P-values are indicated. (D) HeLa cells were treated with 25 ng/ml TRAIL and 25 nM YM155 and subjected to western blotting with cleaved-PARP antibody. GAPDH was used as the loading control. PARP, poly (ADP-ribose) polymerase; PI, propidium iodide; TRAIL, tumor necrosis factor-related apoptosis inducing ligand.](ol-20-04-11933-g00){#f1-ol-0-0-11933}

![Effect of combination treatment on DNA damage in HeLa cells. HeLa cells were treated with 25 ng/ml TRAIL and 25 nM YM155 for 24 h and subjected to subsequent analysis. (A) Morphological alterations in HeLa cells were observed using bright-field microscopy. Assays were performed in triplicate. Scale bar, 50 µM. (B) Immunofluorescence experiments were performed to assess nucleus morphology by DAPI staining (blue). Arrows indicate nucleus condensation. Assays were performed in triplicate. Scale bar, 50 µm. (C) DNA double strand breaks in HeLa cells were estimated using a γH2AX foci formation assay. Assays were performed in triplicate. Green, γH2AX; blue, nucleus stained with DAPI. Magnification, ×20. Scale bar, 25 µm. The right panel shows the calculated data, presented as the γH2AX-positive cells. Data are presented as the mean and standard deviation of three independent experiments. One-way ANOVA followed by Tukey\'s post hoc test was used and P-values are indicated. (D) Western blot analysis was performed to assess DNA damage using an endogenous γH2AX antibody. GAPDH was used as the loading control. γH2AX, γH2A histone family member X; TRAIL, tumor necrosis factor-related apoptosis inducing ligand.](ol-20-04-11933-g01){#f2-ol-0-0-11933}

![Combination treatment downregulates mRNA and protein levels of cFLIP and survivin. Reverse transcription-quantitative PCR was used to assess the mRNA expression levels of (A) cFLIP, (B) DR5 and (C) survivin following treatment with 25 ng/ml TRAIL and 25 nM YM155 for 24 h. Data are presented as the mean and standard deviation of three independent experiments. One-way ANOVA followed by Tukey\'s post hoc test was used, and P-values are indicated. (D) Western blotting was performed to assess protein expression levels of cFLIP, DR5 and survivin after treatment with 25 ng/ml TRAIL and 25 nM YM155 for 24 h. GAPDH and β-tubulin were used as the loading controls. cFLIP, CASP8 and FADD like apoptosis regulator; DR5, death receptor 5; TRAIL, tumor necrosis factor-related apoptosis inducing ligand.](ol-20-04-11933-g02){#f3-ol-0-0-11933}

![Effect of combination treatment on cell viability, cellular invasion and migration of HeLa cells. (A) HeLa cells were treated with 25 ng/ml TRAIL and 25 nM YM155 for 24 h. Cell Counting Kit-8 reagent was added to the treated cells to assess cell viability. (B) Matrigel cell invasion assay in HeLa cells. Cells were treated with 25 ng/ml TRAIL and 25 nM YM155 for 24 h. Cells were seeded in the upper chamber of the plate. After 24 h of incubation, cells on the bottom of the chamber membrane were fixed, stained and invasive cells were counted for graphical representation. Scale bar, 200 µm. (C) HeLa cells were treated with 25 ng/ml TRAIL and 25 nM YM155 for 24 h and assessed for migratory potential using a wound healing assay. Images were captured at 0, 24, 48 and 72 h. Scale bar, 200 µm. Right panel indicates the percentage of wound closure. Data are presented as the mean and standard deviation of three independent experiments. Two-way ANOVA was used and P-values are as indicated. (D) HeLa cells were treated with either TRAIL or YM155 or the combination at 25 ng/ml or 25 nM, respectively, for 24 h. An immunofluorescence assay was performed to monitor the activation of cleaved caspase-3 (green). Nuclei were stained with DAPI (blue). Scale bar, 50 µm. Right panel is the quantified data presented as the percentage of cleaved caspase-3 expression. (E) HeLa cells were selected with 5 ng/ml of TRAIL and/or 5 nM of YM155. After 14 days of selection with 5 ng/ml TRAIL and 5 nM YM155, colonies were stained with 0.01% crystal violet, and images were captured at ×4 magnification. The assay was performed in triplicate. The right panel is the quantified data of the soft agar assay presented as colony numbers. Data are presented as the mean and standard deviation of three independent experiments. One-way ANOVA followed by Tukey\'s post hoc test was used, and P-values are as indicated. TRAIL, tumor necrosis factor-related apoptosis inducing ligand.](ol-20-04-11933-g03){#f4-ol-0-0-11933}
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